ABSTRACT: Acetolactate decarboxylase catalyzes the conversion of both enantiomers of acetolactate to the (R)-enantiomer of acetoin, via a mechanism that has been shown to involve a prior rearrangement of the non-natural (R)-enantiomer substrate to the natural (S)-enantiomer. In this paper, a series of crystal structures of ALDC complex with designed transition state mimics are reported. These structures, coupled with inhibition studies and site-directed mutagenesis provide an improved understanding of the molecular processes involved in the stereoselective decarboxylation/protonation events. A mechanism for the transformation of each enantiomer of acetolactate is proposed.
Acetolactate decarboxylase [EC 4.1.1.5] (ALDC) catalyzes the decarboxylation of (S)--acetolactate 1 (the natural substrate) and (S)--acetohydroxybutyrate 2 to (R)-acetoin 3 and (R)-3-hydroxypentan-2-one 4 respectively (Scheme 1). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] As well as having significance in the brewing process, 5 ALDC has been used for the synthesis of enantiomerically-pure diols. 6 An interesting feature of this enzyme is that it also catalyses, at a lower rate, the decarboxylation of the corresponding (R)-enantiomer of 1 to give (R)-3, and also the conversion of (R)--acetohydroxybutyrate 2 to (R)-2-hydroxypentan-3-one 5 (Scheme 1). [7] [8] [9] [10] [11] Scheme 1. Decarboxylation reactions catalyzed by ALDC.
Through a series of very careful 13 C-labelling and circular dichroism (CD) studies by Crout and coworkers [7] [8] [9] [10] [11] and Hill et al 4 (Supplementary Information), it was established that the high stereoselectivity of the reactions of (S)-1 and (S)-2 arises from decarboxylation to an intermediate enediol (or enolate) which is subsequently protonated on the face opposite that from which carbon dioxide was lost, and at the carbon atom to which it was attached, i.e. resulting in overall inversion (Scheme 1). 9, 10 A similar stereoselective protonation of an enolate within a chiral enzyme environment following a decarboxylation has been reported in malonate decarboxylases. 12 The results observed for the (R)-enantiomers of ALDC substrates, in contrast, proceed via prior migration of the carboxylate group to the adjacent carbon atom via a conformation in which the C-O bonds are in a syn conformation. 7, 8 From (R)-1, this results in the formation of a-acetolactate of (S)-configuration, i.e. the natural substrate, which subsequently undergoes decarboxylation to (R)-acetoin 3. In the case of (R)-2, this rearrangement gives the structural isomer (S)-2-hydroxy-2-methyl-3-oxopentanoate, (S)-6, which then undergoes decarboxylation to the observed (R)-2-hydroxypentan-3-one (R)-5.
7 Hence ALDC appears to catalyze both the stereoselective decarboxylation/protonation and the rearrangement reaction of the non-natural substrate.
Due to a lack of X-ray crystallographic information on ALDC prior to our studies, less was known about the precise mechanism by which the enzyme directs the various reaction steps described above. Although during our analyses we became aware of a PDB deposition of 1xv2 (Midwest Center for Structural Genomics; www.mcsg.anl.gov): a crystal structure of a hypothetical protein similar to acetolactate decarboxylase from Staphylococcus aureus, since this was reported by a structural genomics consortium, no further analysis followed in the literature. In this paper, we describe the synthesis of a range of designed transition-state analogues and the X-ray crystal structures of their complexes with ALDC, together with results of inhibition and site-directed mutagenesis studies. These results identify the residues involved in the decarboxylation and rearrangement steps and provide the first molecularlevel proposal for the catalytic mechanism of this functionally unique enzyme.
RESULTS AND DISCUSSION
Overall Structure. We have previously published the crystallization conditions and preliminary X-ray analysis of the enzyme ALDC, 13 and have now completed the structure determination using the Single Wavelength Anomalous Dispersion (SAD) method at 1.1 Å resolution. ALDC is a metalloprotein with two domain α/β tertiary structure. The Nterminal domain comprises a 7 stranded mixed β-sheet that extends into the equivalent β-sheet of the 2-fold symmetryrelated molecule generating a 14 stranded β-sheet that spans the physiologically relevant dimeric assembly ( Figure 1A ). Three highly conserved histidines (194, 196 and 207) , coordinate a Zn 2+ ion, together with a conserved glutamate (253) from the C-terminal tail. 3-Histidine-coordination of a metal ion has been reported in other enzymes including manganese in oxalate decarboxylase, 14 copper in quercetin 2,3-dioxygenase 15 and zinc in carbonic anhydrase (see Supporting Information). 16 Ethane-1,2-diol was used as a cryoprotectant, and was also observed to coordinate to the zinc ion through both oxygen atoms. There are three highly conserved residues (Thr58, Glu65 and Arg145) in the vicinity of the metal ( Figure  1B ). Unlike some other decarboxylase enzymes 17 ALDC does not contain a basic lysine residue capable of forming an imine intermediate prior to decarboxylation. The coordination mode of ethane-1,2-diol suggested that acetolactate might bind to the zinc ion through the ketone and alcohol groups respectively since these are similarly spaced. If this is the case, then ALDC may promote decarboxylation through a mechanism in which the ketone and alcohol groups are chelated to the zinc ion ( Figure 2A ). This would restrict the C-O bonds in the required syn orientation [7] [8] [9] [10] [11] to assist decarboxylation and formation of an enol (or enolate) which is subsequently protonated in a stereoselective manner to furnish the observed product. Figure 2 Transition State Analogues. In view of this proposed mechanism, we sought a suitable molecule to act as a mimic of the transition state, i.e. that would occupy a corresponding position in the active site for crystallographic and inhibition studies. In this respect, the diol of general structure 7 appeared to be an appropriate candidate. Diol 7 contains a carboxylate group to mimic the position of the ketone group of the substrate ( Figure 2B ), which gains an increasing negative charge as the decarboxylation proceeds. The mimic of the substrate carboxylic acid is provided by a hydroxy group, which contains appropriate functionality to act as both a hydrogen bond donor and acceptor to adjacent residues. Diol 7 can exist in four stereoisomeric forms. Of these, the inhibitors of (R) configuration at C2 would be expected to best mimic the natural substrates ( Figure 2B ). Following literature precedents, 18, 19 we employed an asymmetric dihydroxylation reaction of the appropriate methyl angelate or tiglate ester, followed by ester hydrolysis, to prepare each of the four possible enantiomerically-enriched transition state analogue molecules 7 ( Figure 2C ); full details of the synthesis are given in the Supporting Information.
Kinetic Studies. Kinetic studies were conducted on ALDC from Bacillus brevis (provided by Novozymes) and Bacillus subtilis (33% sequence identity, cloned, expressed and purified in-house; Supporting Information). Kinetic data were determined using circular dichroism, the use of which has previously been reported as a convenient method for studies on ALDC. 10, 20, 21 Attempts to use a Voges-Proskauer assay or a coupled assay with generation of NAD + were less successful (Supporting Information). The CD assays required the use of enantiomerically-enriched substrate (S)-1, therefore a new synthetic approach to this molecule was developed through the use of an enzyme-catalyzed kinetic resolution of (2S,3S)-7, followed by oxidation (Supporting Information). 22 This permitted the conversion to chiral acetoin to be followed in real time, since both enzyme substrate and product give peaks in different positions in the spectra (Supporting Information). Control experiments were carried out to confirm that significant uncatalyzed decarboxylation did not take place at pH < 12.7, 7,9 and the CD experiments were conducted in buffer at pH 6. All four transition state analogues were tested as inhibitors of B. brevis ALDC and K i (inhibition constant) for each inhibitor was determined by global curve fitting (Table 1) . Whilst not particularly tight-binding, all four compounds exhibited distinct enzyme inhibition. (2R,3S)-7 acted in a mixed fashion, and the other 3 compounds showed competitive inhibition (Supporting Information). Table 1 Transition State Analogue Structures. The four transition state analogues of general structure 7 were co-crystallized in turn with ALDC (sample from B. brevis supplied by Novozymes Ltd). The structures with the (R,R), (S,S) and (S,R)-isomers bound in the active site were determined (Figures 3A-3C ). In the first two structures, the Glu65, Arg145 and Glu253 residues contact the analogues through hydrogen bonds and the inhibitors adopt essentially identical conformations. For the (R,R) enantiomer, the OH is positioned on the opposite side relative to that in the (S,S) and (S,R) complexes, and is bound to the zinc ion. Glu65 and Arg145 also form stabilizing hydrogen bonds. An attempt to form a complex of the (R,S) isomer with ALDC resulted in isolation of a crystal containing the enantiomeric (S,R) isomer (present as a minor impurity). This may reflect substantially stronger binding of the (S,R) isomer over the (R,S) isomer. In an attempt to obtain the structure of the holoenzyme without a bound ligand we replaced the cryoprotectant ethane-1,2-diol with glycerol, which also bound to the Zn(II) ion ( Figure 3D) . Two of the OH groups in glycerol were bound, with the remaining one bound to adjacent residues in the same manner as the (S,S) and (S,R) inhibitors. Further efforts were made to obtain the structure of the holoenzyme by using CryoOil (Supporting Information), which resulted in a bound phosphate ion ( Figure 3E ). For comparative purposes, the structure of ALDC bound to ethane-1,2-diol is also illustrated in Figure 3E .
Reaction Mechanism. The observation of the mode of binding of the (R,R)-7 isomer supports the proposed decarboxylation mechanism for the natural (S) enantiomer, also involving transient binding of the departing CO 2 to the zinc ( Figure 4A ). The role of the Zn(II), as a Lewis acid, is best understood in terms of the reverse reaction of acetoin carboxylation. Arg145 is well positioned to assist delivery of the proton which creates the new chiral center. For the non-natural (R) enantiomer, the observation of binding by (S,S)-7 and (S,R)-7 suggest that the R-substrate can bind as shown in Figure 4B , with additional interactions preventing decarboxylation but promoting carboxylate rearrangement. Rotation of the rearranged substrate within the active site allows it to enter the decarboxylation manifold of (S)-1. This process agrees with the known base-promoted rearrangement mechanism and the observation of the conversion of (R)-1 and (R)-2 to (R)-3 and (R)-5 respectively (Scheme 1). The observation of racemisation via carboxylate transfer in basic solution suggests that this process is concerted, rather than via release and re-addition of carbon dioxide. It is believed that this is also the case for the reaction in the enzyme. Sequence identity across ALDC from different bacteria provides further support for the proposed mechanism (Supporting Information). The B. subtilis gene alsD, encoding ALDC, was amplified from genomic DNA by PCR and ligated into an expression vector and several active site mutants were made using site-directed mutagenesis. Five of the mutants showed very little activity; E62Q, E62A, R142A, E251Q and E251A and the rates were too low to be accurately measured. Three of the mutants were active; T55S was approximately 2-fold more active, T55A was approximately 2.5-fold more active and R142K retained 40 % of the activity of native AlsD. The three active mutants were studied in more detail to measure kinetic parameters (Supporting Information). T55A and T55S have a similar K M to native AlsD but have an increased k cat , R142K has a decreased K M and a decreased k cat . The decreased K M implies that the lysine mutant binds substrate with a greater affinity but is less effective as a catalyst and turns over substrate much slower. These results imply that both the glutamate residues are essential for catalysis. Lysine can partially compensate for the loss of the arginine residue implying that a basic residue is necessary for catalysis in this position. As the threonine mutants were more active than native AlsD it can be concluded that this residue is not involved in the catalytic mechanism of ALDC.
There is an analogy in the mechanism to that of fructose-1,6-bisphosphate aldolase 23 in which a similar zinc-bound 2-hydroxyenolate intermediate is formed. An additional contribution to reactivity could arise if the carboxylic acid groups were all present in the deprotonated carboxylate form. This would result in substrate destabilization by electrostatic repulsions between proximal carboxylate groups, as has been observed for related decarboxylation enzymes. 17, 23, 24 In conclusion, we have used synthetic chemistry, crystallography and enzyme kinetic studies to propose a mechanism by which ALDC catalyzes both the decarboxylation of the favored S-acetolactate and the isomerization via carboxyl migration and subsequent decarboxylation of the less-favored R substrate.
METHODS
Crystallization of B. brevis ALDC. ALDC was supplied as a gift from Novozymes and stored at -80°C. For crystallization studies ALDC was concentrated to 13.5 mg/ml using a Vivaspin centrifugal concentrator with a molecular weight cut off of 10,000 Da. ALDC had previously been crystallized under three different conditions to give rise to 3 different crystal forms [25] . One of the conditions was further optimized to produce strongly diffracting crystals (1.1 Å resolution). The final conditions were: 0.2 M Trimethylamine N-oxide (TMAO), 0.1 M Tris pH 8.5, 28-33 % PEG 2K MME. Proteinligand complex structures were obtained by growing crystals in the presence of 2,3-dihydroxy-2-methylbutanoic acid 7. 1 M inhibitor was added to the protein in a 1:9 ratio. Crystals were cryoprotected either with 25 % glycerol or using LV CryoOil (MiTeGen) before they were transferred on a nylon loop directly into a 100K nitrogen cryostream.
Data Collection, Structure Determination and Refinement. Due to difficulty in at obtaining a suitable heavy atom derivative, a sulphur-SAD experiment was carried out on ALDC crystals at beam line BM14 at the ESRF, France. ALDC has 6 methionines out of 257 residues. Although it was not known at the time that ALDC contained a zinc ion, this atom also contributed significantly to the experimental phasing (Supporting Information). The resulting model was used to refine the high-resolution ligand bound structures. All X-ray data were collected at 100K. The ethane-1,2-diol bound data were collected at the beam line 9.6 the SRS, Daresbury, U.K. at wavelength of 0.8700 Å. The (2R,3R)-7, (2S,3R)-7 and phosphate-bound data sets were obtained at beam line IO4 at the Diamond Light Source, U.K. using 0.9795 Å radiation. The (2S,3S)-7 and glycerol bound data sets were collected using our in-house facilities using CuK (1.5418 Å) radiation. All data were indexed, integrated and scaled using the XDS package. 25 Further data handling was carried out using the CCP4 software package. 26 The crystals belong to the trigonal space group P3 2 21 and contain one molecule per asymmetric unit with a solvent content of 46 % by volume. Refinement of the structure was carried out by alternate cycles of REFMAC 27 and manual refitting using O. 28 Water molecules were added to the atomic model automatically using ARP 29 at the positions of large positive peaks in the difference electron density, only at places where the resulting water molecule fell into an appropriate hydrogen bonding environment. Restrained isotropic temperature factor refinements were carried out for each individual atom. The polypeptide chain could be unambiguously traced in all structures between residues 20 and 255 or 256.
Data collection and refinement statistics are given in Table 2 . Table 2 ASSOCIATED CONTENT Supporting Information Details of the synthetic chemistry (synthesis and characterization of all isomers of 7 and the enantiomerically-enriched acetolactate substrate), crystallographic structure determina- 
